The general difficulty of the SFG/SHG spectroscopy in quantifying charged species at water interfaces stems from our long-term inability to separate two signal contributions (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) : One comes from an interfacial molecular layer where the inversion symmetry is broken by the interfacespecific bonding structure. [This region is labelled as "the bonded interface layer (BIL)" (22, 24) .]
The other is induced by water molecules in the electrical double layer (EDL) of ions with their inversion symmetry broken by the dc electric field (mainly through the field-induced molecular alignment) (20) (21) (22) (23) . In recent years, advances in the SFG/SHG spectroscopy now allow unique spectral separation of the BIL and EDL (24) (25) (26) (27) . With the EDL signal being a probe for the dc field, one can determine the absolute surface charge (ion) density as the third-order nonlinear susceptibility, ⃡ ( ) , that characterizes the response of bulk water to the dc and optical fields is known (26) .
In this paper, we report the first spectroscopic determination of the surface proton density,
i.e., surface pH, of the intrinsic water/vapor interface. We utilize the phase-sensitive sumfrequency vibrational spectroscopy (PS-SFVS) to examine the ion effect on the vibrational spectrum of the BIL, ⃡ ( ) ( ), and the spectrum of the EDL, ⃡ ( ) ( ), separately for the acidic-solution surfaces, and quantify the net surface charge density, , from ⃡ ( ) ( ) with the ⃡ ( ) ( ) characterized previously. Analyses of  versus bulk proton and halide (the counterion)
concentrations yield their partitioning coefficients between the surface and bulk water, and indicate an insignificant effect of direct ion-ion interactions on the results.
Experiment and Theory
The samples studied were the surfaces of hydrogen halide solutions probed by a broadband PS-SFVS setup (24, 29) with S-, S-, and P-(SSP-) polarized SF, visible, and IR fields (see (14, 15, 30) , whereas high precision of our measurements allows discernment of the ion-induced spectral changes on the millimolar level.
Materials and Methods for details
In analyzing the spectra, we follow Ref. (26) to model the interfacial structure and formulate the SFG process of charged water interfaces. The EDL is set up by an atomically thin layer of the adsorbed ions at the immediate neighborhood of the interface (at z  0, with z along the surface normal), characterized by , and other diffusely distributed ions near the interface (31). The interfacial water structure is under the influences of the interfacial bonding interaction in the BIL and the dc field distribution, E0(z), set up by the EDL. , ( ) of such an interface can be expressed as (26) , (24) .
Results and Discussion
The neat water/vapor interface is adopted as the reference in our analysis. As shown in Fig.   1A , the Im , ( ) ( ) spectrum of the neat water surface shows a negative broad continuum in the 3000-3600 cm -1 region and a sharp peak at ~3700 cm -1 surrounded by a weak positive hump (3600 ~ 3725 cm -1 ). The broad continuum in 3000 ~ 3600 cm -1 arises from stretching of hydrogen (H)-bonded OHs of water molecules with a continuous variation of (or dynamically varying) geometries and bonding strengths. The sharp peak at ~3700 cm -1 comes from stretching of the dangling OH of DAA water molecules in the topmost surface layer. Here D and A label donor and acceptor H-bonds, respectively, through which a water molecule connects to neighbors. The weak positive hump around the dangling-OH peak (3600 ~ 3725 cm -1 ) has been explained by symmetric stretching of DAA molecules with a weak donor bond (30) , or the antisymmetric stretching of the DDA molecules (32) , in the topmost surface layer. For hydrogen halide solutions (HX with X = Cl, Br, or I), our measurements, similar to the earlier studies (12) (13) (14) (15) , do not reveal detectable spectral change for [HX] < 1 mM, while the surface ion density that follows its bulk concentration could readily vary by 4 orders of magnitudes as reducing pH from 7 to 3. This indicates that in this concentration range, the surface ion density is negligibly small in terms of Δ , ( ) , so that
Discernible spectral changes appear for the acid concentrations above ~1 mM (mainly in 3000 ~ 3600 cm -1 , see Fig. 1A ). Such a change arises from the structural distortion of the BIL via Δ ( ) , and/or emergence of an EDL through ( ) . To clarify its microscopic origin, we examine the It suggests a constant structure of the BIL and, thus, ( for details). These observations indicate a different dc-field strength and  due to dissimilar surface affinity for different halide species (15, 34) .
More quantitatively, we use the GC theory to calculate E0(z) for a given  and ionic strength (31) , and then follow Eq.
(1) to calculate ( ) ( ) from E0(z) with the known kz and the ( ) ( ) spectrum of bulk water (24) . Fitting the measured ( ) ( ) spectra with this calculation yields the value of . As plotted in Fig. 2 (and SI Appendix, Fig. S1-S3) , the fitting quality for the complex ( ) ( ) is found to be reasonably well, supporting validity of our analysis. Fig. 3A shows  deduced by fitting the measured . (16) . While the average value is significantly higher than our result from the intrinsic water surface (pH = -0.66±0.10), the uncertainty of their result is too large to justify if it is affected by the binding interaction between protons and the dye molecule.
Note that we rely solely on the data with low molar fraction of ions (< 0.5 %, depicted as solid dots in Fig. 3 ) to derive the above conclusions, whereas analyses of the high-concentration data are difficult. First, both Δ ( ) and ( ) may vary with the bulk ion concentration simultaneously as the surface ion density is large, as discussed earlier. Second, the GC theory adopted in our analysis approximates ions as point charges, but this assumption may break down by the steric effect of ions at high concentrations. Here this problem is excluded in our specific study by comparing the GC theory with a modified GC theory (38) We have also attempted to quantify the hydroxide ions at the NaOH-solution/vapor interface using the same PS-SFVS scheme. The ion-induced spectral change is detectable only for [NaOH]
> ~1 M (not shown here), which does not allow us to conduct reliable analysis with the assumptions justified.
Conclusion
We have conducted a PS-SFVS analysis to quantify the affinity of hydronium ions at the water/vapor interface. Adsorption of H3O + is shown to follow a constant partitioning coefficient and independent of specific hydronium-anion interactions, and thus unveils the intrinsic characteristics of a hydronium ion at the water surface. The adsorption free energy is measured to be G = -3.74 (±0.56) kJ/mol, corresponding to a pH difference of -0.66 (±0.10) at the surface with respect to the bulk value. Our findings are not only of importance for better understanding of atmospheric processes, but also offer a microscopic-level basis to develop advanced quantummechanical models for molecular simulations of nuclear quantum effects in hydrogen-bonded systems, and sophisticated theories for interpreting macroscopic observables of aqueous interfaces, e. g., surface tension and electrokinetic zeta potential.
Materials and Methods: Sample preparations
HCl (37 wt %, reagent grade), NaCl (> 99 %, reagent), HBr (48 wt %, ACS reagent), NaBr (> 99 %, reagent), HI (55 wt %, ACS reagent), and NaI (> 99.5 %, ACS reagent) were purchased from Sigma-Aldrich. NaCl and NaBr were baked at 600 °C for 6 hours and slowly cooled down to room temperature before usage. The rest of chemicals were used as received. To prevent the photochemistry of iodide from occurring, the HI and HI-NaI mixture solutions were stored in dark environment and were prepared at most 2 hours in advance of their use. Ultra-pure distilled water was obtained from Milli-Q water purification system with the resistivity of 18.2 M-cm. All the glassware was sonicated with diluted Deconex 11 Universal solution for 15 mins, and then rinsed thoroughly with ultra-pure water.
Phase-sensitive sum-frequency vibrational spectroscopy (PS-SFVS)
Our broadband PS-SFVS setup has been reported previously (24, 26) . The light source was an optical parametric amplifier pumped by a 1-kHz femtosecond Ti:sapphire laser system (Astrella, Coherent), combined with a difference frequency generator and a grating-based spectral filter for generating tunable mid-IR pulses (with a bandwidth of ~250 cm -1 ) and narrow-band visible pulses (vis ~12500 cm -1 with a bandwidth of ~13.2 cm -1 ). The mid-IR and picosecond visible pulses were focused onto the sample surface, after co-propagating through a y-cut quartz acting as the local oscillator (LO) and a SrTiO3 plate for phase modulation. The SFG spectral interferogram created by the sample in reflection and the LO reflected from the sample was measured by a chargecoupled device (CCD)-based polychromator, and Fourier-analyzed (29) to yield the complex 
